The objective of the study was to improve the understanding of the relationship between the effect of epinephrine plus exercise and meat tenderness. The calpain, calpastatin, and cathepsin B + L activities and postmortem proteolysis in porcine longissimus muscle were studied. The muscle glycogen stores were depleted in five pigs by s.c. injection of epinephrine (.3 mg/kg) at 15 h antemortem and exercise on a treadmill ( 5 min, 3.8 km/h) immediately before slaughter. Antemortem injection of epinephrine and treadmill exercise resulted in higher ultimate pH (6.32 vs 5.66 in control) and decreased ( P < .05) thaw loss, cooking loss, and shear force values. The muscle energy depletion treatment increased ( P < .05) the muscle m-calpain activity measured 42 min postmortem, and at 24 h m-calpain activity was still approximately 50% greater in the high ultimate pH group. Also, as the ratio of m-calpain to calpastatin increased ( P < .01), the overall proteolytic potential of the calpain system were greater. These observations suggest that the muscle energy level may influence the activity of the calpain system in the living animal. The high ultimate pH group showed lower ( P < .001) cathepsin B + L activity in the myofibrillar and the soluble fractions after 8 d of storage, suggesting that the increased ultimate pH increased the stability of the lysosomal membrane and thereby reduced the release of cathepsins from the lysosomes during storage. The SDS-PAGE showed increased ( P < .001) degradation of a 39-kDa band in the epinephrine and exercise-treated samples. Degradation products at 30, 31, and 32 kDa were labeled by troponin-T antibody in western blot. An appearing 24-kDa band was identified as a troponin-I degradation product in western blot. The proteolytic degradation pattern of myofibrillar proteins during storage differed in control and treated samples, supporting the hypothesis that calpain-mediated proteolysis was affected after treatment, resulting in meat with high ultimate pH.
Introduction
Postmortem ( PM) muscle acidification is mainly dependent on the available glycogen stores at slaughter. Ultimate pH values around 5.6 are normal in longissimus muscle ( LM) , but pH values above 6.2 were reported in porcine (Fernandez et al., 1994; Henckel et al., 1997) , ovine , and bovine (Yu and Lee, 1986; Geesink et al., 1992; Beltrá n et al., 1997) muscles after muscle glycogen stores were depleted by epinephrine injection, epinephrine injection and subsequent exercise, or stress before slaughter. High ultimate pH has been associated with increased meat tenderness, possibly arising from increased waterholding properties producing swelling (Offer and Trinick, 1983; Tornberg, 1996) .
Additionally, high ultimate pH favors the action of proteolytic enzymes with optimal activity in the neutral pH range. Yu and Lee (1986) found that high pH resulted in increased degradation of troponin T and removal of a-actinin and Z-line. Similar changes were observed after incubation of isolated myofibrils with m-calpain at high pH (Koohmaraie et al., 1986) . More rapid degradation of high molecular weight proteins in high-pH meat may be related to calpain activity in beef (Geesink et al., 1992) and sheep .
There is little available information on the effect of epinephrine on proteolytic enzyme activities in porcine muscle. Sensky et al. (1996) infused pigs i.v. with epinephrine for 1 wk but reported no effect on m-and m-calpain activity at slaughter. Changes in tenderness and in myofibrillar proteins during storage were not considered. Our objectives were to study the effects of depleting muscle glycogen stores by epinephrine injection 15 h antemortem and treadmill running before slaughter on meat tenderness as well as on calpain, calpastatin, and cathepsin activity and on PM proteolysis in porcine LM.
Materials and Methods

Animals and Treatment
The animals used in this study were 10 crossbred female pigs (Duroc sire and Large White-Landrace dam) from five litters. All parents were halothane tested to exclude carriers of the halothane gene from this population. Pigs were slaughtered by CO 2 stunning at an experimental station at approximately 90 kg of live weight. The muscle glycogen stores were depleted in five pigs by s.c. injection of epinephrine (.3 mg/kg) at 15 h antemortem and exercise on a treadmill ( 5 min, 3.8 km/h) immediately before slaughter. The combined epinephrine and exercise treatment were to ensure a more complete depletion of muscle energy stores at time of slaughter as described by Henckel et al. (1997) . Five siblings to the treated animals served as controls, and at 15 h antemortem injections of saline solution were given.
Sampling Procedure
For determination of the calpain system, a sample ( 3 cm × muscle diameter) from LM was excised at the 15th rib 35 min and at the 14th rib 24 h PM. The samples were vacuum packed after excision, frozen in liquid nitrogen, and stored at −80°C until analysis. Samples were analyzed within 4 wk after frozen storage. The sample excised at 35 min was vacuum packed at an ambient temperature of 15°C and frozen at 42 min PM. At 24 h PM, a section of LM was excised at the 8th to the 13th rib, and subsamples were vacuum packed. The section at the 13th rib was used for cathepsin B + L measurements. One subsample was processed immediately after excision at 24 h, and another was vacuum packed and processed without freezing after 8 d of storage. The remaining LM section was subdivided into two equal parts used for thaw loss, cooking loss, Warner-Bratzler shear force, and SDS-PAGE. One part was vacuum packed and then frozen at −20°C (24 h sample), and the other was stored at 2°C until 8 d PM before vacuum packing and freezing.
pH Determination
The pH of the LM was determined with a pH meter (Metrohm Model 704, Switzerland) equipped with a insertion glass electrode (Hamilton Tiptrode P/N: 238' 080, Switzerland) calibrated in buffers at pH 4.01 and 7.00 (Radiometer, Copenhagen, Denmark). Triplicate pH measurement of each muscle was performed at 45 min and at 24 h PM. The 24-h measurement was used as an indication of ultimate pH.
Thaw Loss, Cooking Loss, and Shear Force
Thaw loss, cooking loss ( % wt/wt) and shear force ( N ) were determined on the same sample (approx. 200 g). To determine thaw loss, the vacuum bags were weighed and opened, excess liquid was removed from the bags, and the samples were reweighed. Then samples were vacuum packed again and heated for 60 min at 80°C. Cooking loss was determined by removing excess liquid after cooking and weighing the samples again. Warner-Bratzler shear force measurements were performed as described by Møller (1981) . Each sample resulted in 12 shear force deformation curves for calculating mean values for max shear force.
Separation of Calpains and Calpastatin
Calpains were separated by modification of the method described by Iversen et al. (1993) . All steps were carried out at 4°C. Muscle samples were taken from the freezer and allowed to thaw at 4°C for 1 h before being finely chopped. Ten grams of muscle were homogenized (Ultra Turrax Mixer T 45, 4 × 30 s at 1/2 maximal speed and 2 × 30 s at 3/4 maximal speed, 30 s cooling between bursts) in six volumes of buffer (50 mM Tris·HCl, 5 mM EDTA, 10 mM monothioglycerol, 150 nM pepstatin A, pH 8.0). The homogenate was kept on ice for 15 min and then centrifuged (30,000 × g, 15 min, 4°C), and the supernatant was filtered through a .20-mm filter (Sartorius, Göttingen, Germany). One milliliter of the extract was used for determination of calpastatin activity (see below). Ten milliliters of the extract were loaded on a mono-Q HR 5/5 column (Pharmacia Biotech, Uppsala, Sweden) and m-calpain was isolated and measured as described below. Using this procedure, calpastatin was found to elute in two peaks, with the second peak coeluting with m-calpain. To determine m-calpain, a hydrophobic column was used to separate calpains from calpastatin. Twenty milliliters of the filtered supernatant was made 300 mM with NaCl (from a 5 M solution) and loaded onto a phenylsepharose CL-4B column (1.2 × 8 cm, 1 mL/min; Pharmacia Biotech), previously equilibrated with buffer A (20 mM Tris·HCl, 300 mM NaCl, 5 mM EDTA, 10 mM monothioglycerol, 2.5 mM NaN 3 , pH 7.5). The column was washed with buffer A until the absorption ( A 278 ) reached the baseline. Calpains were eluted with buffer B (20 mM Tris·HCl, 5 mM EDTA, 10 mM monothioglycerol, 2.5 mM NaN 3 , pH 7.5). Twenty milliliters of the calpain-containing eluate was loaded on a mono-Q HR 5/5 (Pharmacia Biotech, Uppsala, Sweden) column previously equilibrated with buffer B. Loading and eluting rate was 1 mL/min. The column was washed with buffer B until the absorption ( A 278 ) reached the baseline. Within 26 min, a clear separation of m-calpain and mcalpain was obtained by a stepped gradient to .6 M NaCl using buffer A: 0 to 2 mL ( 0 to 84 mM NaCl), 2 to 9 mL (84 to 93 mM NaCl), 9 to 11 mL (93 to 300 mM NaCl), 11 to 16 mL (300 mM NaCl), 16 to 20 mL (300 to 600 mM NaCl), and 20 to 26 mL (600 mM NaCl). m-Calpain (eluted at approx. 13 min) and mcalpain (eluted at approx. 20 min) were each collected in a 3-mL fraction. The recovery of m-calpain at the phenylsepharose column was estimated by calculating the recovery of m-calpain; m-calpain in each sample was determined in the 10-mL extract directly loaded onto a mono-Q column and in the 20-mL extract loaded first on phenylsepharose and then on mono-Q column.
Calpain Activity Measurements
Calpain activity was determined using casein as substrate and the method described by Iversen et al. (1993) but with volumes scaled down to 1/5. From the calpain fraction, 100 mL were incubated with 300 mL incubation medium (100 mM Tris base, 10 mM monothioglycerol, 1.0 mM NaN 3 , 5 mg/mL casein and 5.0 mM CaCl 2 , pH adjusted to 7.5 with 1 M acetic acid). After 20 min incubation at 25°C, the reaction was stopped by addition of 400 mL of 10% trichloroacetic acid, and tubes were centrifuged at 20,000 × g for 3 min. One unit of calpain activity was defined as an increase in absorbance at 278 nm of 1.0 per hour at 25°C. Results were corrected for noncalcium-dependent proteolytic activity by using 10 mM EDTA instead of CaCl 2 in the incubation medium.
Calpastatin Determination
The 1 mL sample from the homogenate extract removed for calpastatin determination was heated at 100°C for 3 min and centrifuged at 20,000 × g for 4 min. The calpastatin activity in the supernatant was determined using various dilutions in the abovedescribed casein assay containing .2 unit of m-calpain extracted and fractionated from other samples. The volume of heated supernatant sample never exceeded 20 mL in the assay; the volume was 400 mL before the addition of trichloroacetic acid. Incubation time was 40 min at 25°C. From observation of the decrease in absorbance at 278 nm, an inhibition curve was generated. The linear part of this curve was used to calculate calpastatin activity. One unit of calpastatin activity was defined as the amount that inhibited one unit of m-calpain activity.
Cathepsin B + L Activity Measurements in Subcellular Fractions
Cathepsin B + L activities were determined on nonfrozen samples by a slight modification of the method described by Ertbjerg et al. (1999) . All procedures were carried out at 0 to 4°C. Two milliliters per gram of tissue of homogenization buffer (100 mM sucrose, 100 mM KCl, 50 mM Tris·HCl, 10 mM sodium pyrophosphate, 1 mM Na 2 EDTA, pH 7.2) containing 50 mg/mL nagarse (Sigma Chemical, St. Louis, MO, protease Type XXVII) dissolved immediately before use were added to approximately 1.5 g of tissues. The suspension was finely minced with scissors and then incubated 5 min. Then the homogenization buffer (20 mL/g tissue) without nagarse was added. Homogenization was performed using a motor-driven Potter-Elvehjem-type homogenizer (glass/Teflon, clearance .15 mm) by making 10 complete passes at 1,500 rpm. The homogenate was filtered through cheesecloth. The filtrate was centrifuged at 1,100 × g for 10 min to obtain a myofibrillar fraction. The supernatant was then centrifuged at 20,000 × g for 20 min to obtain a lysosomal fraction. Finally, the supernatant was centrifuged at 100,000 × g for 60 min to obtain a microsomal fraction (pellet) and a soluble fraction (the final supernatant). The myofibrillar fraction was resuspended in 5 mL and the other pellets in 2 mL of buffer (85 mM Na acetate, 15 mM acetic acid, 1 mM Na 2 EDTA, pH 5.5) and rapidly frozen in liquid nitrogen. The combined cathepsin B + L activities were determined fluorimetrically according to Kirschke et al. (1983) using the common substrate N-CBZ-L-phenylalanyl-L-arginine-7-amido-4-methylcoumarin (Z-Phe-Arg-NMec). Activities of cathepsin B + L are expressed as mU (the release of 1 nmol of product per minute).
Isolation of Myofibrils
Myofibrils were prepared as previously described (Møller et al., 1973) and protein concentration was determined with the biuret procedure (Gornall et al., 1949) 
SDS-PAGE Analysis
Electrophoretic procedures of Laemmli (1970) were followed. Each sample was run in duplicate using Tris-glycine precast gels (Novex, San Diego, CA) under conditions as described by the supplier on a XCell II unit (Novex). Myofibrillar proteins were separated using 1 mm thick 14% acryl amide slab gels with 2.6% (wt/vol) bisacryl amide. The amount of protein loaded onto each lane was 40 mg. The gels were run at a constant voltage setting of 125 V for approximately 90 min at 25°C. After electrophoresis, gels were either stained for visualization of protein bands or were transferred by electroelution to nitrocellulose membranes. Gels used for examination of all protein bands were stained for 3 h in an excess of a solution containing .1% (wt/vol) Coomassie brilliant blue R-250, 40% (vol/vol) ethanol, and 7% glacial acetic acid. Gels were destained in an excess of the same solution without the Coomassie brilliant blue. Densitometric scans of gels were performed using a CREAM scanning system (Kem-En-Tec, Copenhagen, Denmark). To standardize image analysis procedures, the baseline was defined with the computer software (low-level background correction). Peak area values of SDS-PAGE bands were determined and expressed as percentage of the actin band in the sample.
Western Blotting
Gels were briefly rinsed with transfer buffer (12 mM Tris, 96 mM glycine and 20% methanol [vol/vol] ). Protein bands were blotted onto nitrocellulose membranes using a XCell II Blot Module (Novex) at a constant voltage setting of 25 V for 90 min at 25°C. Membranes were then incubated for 1 h at 25°C in blocking solution (80 mM disodium hydrogen orthophosphate, 100 mM sodium chloride, .1% [vol/vol] polyoxyethylene sorbitan monolaurate , and 5% [wt/vol] nonfat dry milk). Primary antibodies used in the Western blotting procedures included monoclonal anti-vinculin (clone hVIN-1, Sigma Chemical), diluted 1:10,000 in PBS-Tween (blocking solution without nonfat dry milk) containing 1% nonfat dry milk; monoclonal anti-troponin-T (JLT-12, Sigma Chemical) diluted 1:20,000 in PBS-Tween containing 1% nonfat dry milk; and monoclonal anti-troponin-I (MAB 1691, Chemicon) diluted 1:50,000 in PBSTween containing 1% nonfat dry milk. Incubation with primary antibodies was for 1 h at 25°C. Blots were washed three times, 15 min per wash, in PBS-Tween. Bound primary antibodies were labeled with goatantimouse IgG horseradish peroxidase-conjugated secondary antibodies (NIF 825, Amersham, Arlington Heights, IL), diluted 1:5,000 in PBS-Tween, for 60 min at 25°C. Blots were washed in PBS-Tween four times, 15 min per wash, before detection. A chemiluminescent system was used to detect labeled protein bands as described by the supplier (Amersham).
Statistical Analysis
The data were analyzed using two-way analysis of variance to determine main effects of storage time and treatment on measured traits. Single mean values were compared using Student's t-test for unpaired data.
Results and Discussion
Thaw Loss, Cooking Loss, and Tenderness
The epinephrine and exercise ( EE) treatment to deplete the energy stores resulted only in a minor pH difference at 45 min PM (6.58 vs 6.44 in control, P < .05), whereas the ultimate pH was substantial higher (6.32 vs 5.66, P < .01). At 1 and 8 d PM, mean thaw loss and cooking loss were significantly less in samples from EE treated animals (Table 1) . Storage time did not affect thaw loss ( P = .98) and cooking loss ( P = .76). The increased ultimate pH after EE treatment would be expected to improve the water-holding capacity. Improved meat water holding may, therefore, explain the reduced thaw loss and cooking loss after treatment. The EE treatment resulted at 1 d PM in significantly more tender meat (Table 1) . Shear force values of EE treated animals were 43% lower ( P < .01) at 1 d PM and were 36% lower ( P < .05) after storage for 8 d. In principle, the reduced toughness of the high ultimate pH group can be attributed either directly to the increased water-holding capacity (e.g., water dilution of load bearing muscle elements after lateral swelling) or to increased muscle proteolysis. To evaluate the latter factor, we measured the activities of muscle proteolytic enzymes generally associated with tenderization. Table 2 shows that among the components of the calpain system, only m-calpain activity was significantly affected by the muscle energy-depletion treatment. At 42 min and 24 h PM, m-calpain activities were 45 to 50% greater in the high ultimate pH group. In the caseinolytic assay, calpain activities expressed as units per gram muscle are by definition dependent on the assay volume. Taking this into account, we Table 2 was calculated to correspond to approximately 30 mg of m-calpain per gram of muscle.
Calpains
The measured increase in m-calpain activity after epinephrine injection differed from earlier results from an experiment with beef, in which epinephrine injection had only minor effects on m-calpain activity in LM muscle (Geesink et al., 1992) . In pigs, i.v. infusion of epinephrine for a period of 1 wk showed no effect on mand m-calpain in LM at time of slaughter (Sensky et al., 1996) . During PM storage, it was reported that mcalpain and (less pronounced) m-calpain showed higher activities after epinephrine infusion, but the mcalpain activity in their study decreased with storage. Therefore, the authors suggested that porcine LM mcalpain is much less stable than m-calpain in tissues of ruminants. In contrast, in the present study, analysis of variance showed that m-calpain activity in pig LM was not significantly affected by storage ( P = .16) because storage only decreased m-calpain activity ( P < .01) and calpastatin activity ( P < .05). This pattern agrees with studies on beef muscle, for which it was reported that during PM storage m-calpain and calpastatin decreased while m-calpain remained nearly constant (Ducasting et al., 1985; Koohmaraie et al., 1987 Koohmaraie et al., , 1995 O'Halloran et al., 1997) .
Several studies have suggested that m-calpain causes many of the proteolytic degradations of myofibrillar proteins in PM muscle and that this, in turn, is related to tenderization (e.g., Koohmaraie et al., 1986; Huff-Lonergan et al., 1996; Koohmaraie, 1996) .
If m-calpain is not activated during storage (e.g., if the rise in intracellular free Ca 2+ is insufficient to activate m-calpain), then the m-calpain to calpastatin ratio is likely to reflect the proteolytic potential of the calpain system. The proteolytic potential of the calpain system (taken as the above ratio) increased significantly after the EE treatment (Table 2) . At 45 min PM, the pH of samples from treated animals was .14 pH units higher than controls. The increase in mcalpain activity and proteolytic potential at 42 min PM could have been influenced by differences in muscle pH. Alternatively, the epinephrine injection may have induced antemortem changes in the calpain system. In that case, the proteolytic potential of the calpain system is increased either by direct action of the hormone or indirectly, for example, by low muscle glycogen levels. Physiologically, low muscle glycogen levels are found in the fasted state or after heavy exercise or animal fighting. In these situations, breakdown of muscle proteins provides amino acids for gluconeogenesis and energy metabolism. The calpain system has been suggested to initiate turnover of myofibrillar proteins by making specific cleavages that release thick and thin filaments from the surface of the myofibril (Goll et al., 1989; Goll et al., 1992) . In the present experiment, the observation that m-calpain activity and calpain proteolytic potential increased in energy-depleted pigs indicates that the muscle energy level may influence the activity of the calpain system in the living animal. We therefore propose that low energy stores in vivo lead to increased calpain-induced proteolysis in pig muscle and promote mobilization of proteins for gluconeogenesis and energy metabolism. Epinephrine stimulates b-adrenergic receptors (Mersmann, 1989 ). In the literature, there are some indications that b-adrenergic receptor stimulation influences calpain activity. Iizuka et al. (1991) reported that calpain in rat heart was activated by badrenergic receptor stimulation under hypoxia. Synthetic b-adrenergic agonists are known to be able to increase muscle growth. These compounds supplemented in the diet have been shown to affect the calpain system of sheep and steers (Koohmaraie et al., 1991a Koohmaraie and Shackelford, 1991; Wheeler and Koohmaraie, 1992; Pringle et al., 1993) . In the majority of these studies, administration of badrenergic agonists for weeks resulted in an increased level of calpastatin and in decreased calpain proteolytic potential (again defined as m-calpain to calpastatin ratio) after slaughter and increased meat toughness after aging. It is unclear why the effect of longterm feeding with synthetic b-adrenergic agonists on calpain proteolytic potential and meat tenderness are opposite to the effect of epinephrine injection 15 h before slaughter (and any additional effect of treadmill running) as described in the present study. Possible causes could be related to factors such as acute vs chronic effects, differences in receptor subtype binding, receptor desensitization (down regulation), and differences between species, which are known to influence the response of adrenergic agonists (Mersmann, 1989) .
Lysosomal Enzymes
The effect of energy depletion treatment on the cellular distribution of the lysosomal enzymes cathepsin B and L was also investigated. Table 3 shows that treatment did not significantly affect cathepsin B + L activity in the four subcellular fractions at 1 d PM. After 8 d of storage, the cathepsin B + L activity in the myofibrillar and the soluble fraction was less ( P < .001) in the treated samples. This difference seemed to arise due to decreased activity in treated samples (myofibrillar fraction) or increased activity in controls (soluble fraction) during storage. Storage of beef has been shown to increase free (soluble fraction) cathepsin B + L activity (O'Halloran et al., 1997; Ertbjerg et al., 1999) . Increasing pH from 5.5 to 6.0 in beef muscle resulted in decreased free (soluble) lysosomal enzyme activity (Ertbjerg et al., 1999) . In the present experiment with pork, the increase in ultimate pH after glycogen depletion is likely to have increased the stability of the lysosomal membrane. Reduced release of cathepsins from the lysosomes during storage may, therefore, explain the lesser cathepsin B + L activities in the soluble fraction in high ultimate pH samples. Cathepsin B and L are irreversibly denatured at neutral pH values, and this could contribute to the observed low cathepsin B + L activity in the myofibrillar and soluble fraction of treated samples at d 8. Figure 1a shows representative SDS-PAGE profiles of extracted myofibrillar proteins. During storage from 1 to 8 d, the most pronounced visible changes in controls were appearance of a band at 24 kDa and bands at 30, 31, and 32 kDa. Storage of samples from epinephrine-and exercise-treated animals did not result in generation of the 24-kDa band to the same extent ( Figure 1a) . Also, the 30-kDa band seemed to stain more strongly and perhaps with a tendency to less staining of the 31-kDa band. Semiquantitative data on electrophoretic changes were obtained by densitometric scanning of gels. Table 4 confirms that the 24-kDa band ( P < .001) and the 31-kDa band ( P < .05) did not increase during storage to the same level in treated samples as seen in controls. After 8 d of storage, a band at 39 kDa showed decreased ( P < .001) intensity in treated samples (Table 4) . Troponin-T and tropomyosin migrate in this area (Ho et al., 1994) . In beef LM, troponin-T degradation during storage resulted in the appearance of a 30-kDa band, whereas a 31-kDa band migrating slightly slower than the 30-kDa protein was not labeled by the troponin-T antibody (Ho et al., 1994) . This could indicate that the 30-kDa band appearing more pronounced in EE samples in the present study (Table 4 ) was a degradation product of troponin-T. This was further investigated by western blotting using a monoclonal antibody against troponin-T (Figure 1c) . The troponin-T antibody labeled two bands at 37 and 39 kDa in 1-d samples. These bands are likely to correspond to a doublet band reported to be labeled by the same antibody in 0-d samples in beef muscle (HuffLonergan et al., 1996) . The 39-kDa band in the present study was to some extent degraded in 8-d samples, and increased staining was observed in the 30-to 32-kDa area. It would, therefore, seem that not only the 30-kDa band, but also the 31-and 32-kDa bands generated in porcine LM contain degradation products from troponin-T. Control samples seemed to be more labeled in the 31-kDa area than EE samples, confirming the observation from the Coomassie stained gels that labeling in 30-to 32-kDa area differed in control and EE samples. Ho et al. (1994) also reported that the troponin-I band migrated just below myosin light chain 1, that the amount of intact troponin-I decreased during storage, and then migrated at slightly lower molecular weight. Comparing these results with the electrophoretic patterns in Figure 1a , it follows that the 26-kDa band is likely to be composed of poorly resolved myosin light chain 1 and troponin-I, with troponin-I migrating as the lower component of the band. The 26-kDa band was partly degraded in control and EE-treated samples during storage ( Table 4 ), suggesting that troponin-I was degraded to the 24-kDa band in controls and to lower molecular weight component(s) in EEtreated samples. Western blotting using a monoclonal antibody against troponin-I (Figure 1d) showed that troponin-I antibody labeled a band at 25 to 26 kDa (arrow) in 1-d samples. This band migrated slightly faster to 24 kDa in 8-d control samples. Even though the troponin-I band was extensively degraded in EE samples, the 24-kDa band was not generated to the same extent as in controls. These results, therefore, support the observations from the Coomassie stained gels. Western blot using antibody against vinculin labeled a band at approximately 220 kDa most strongly in 1-d samples (Figure 1b ). This band seemed to be degraded to two major bands in 8-d control samples. The faster migrating degradation product tended to split into a doublet in EE samples. The results show that the proteolytic degradation pattern of myofibrillar proteins differed in control and EE-treated samples. m-Calpain is known to have optimum in vitro activity at neutral pH, and the extractable amount increased in EE-treated samples (Table 2) . Consequently, calpain-mediated proteolysis would be expected to be increased in the high pH samples. This is likely to be part of the explanation for the increased tenderness after EE treatment (Table  1) . In controls, cathepsin B + L activity in the myofibrillar and soluble fraction were greater than in EE-treated samples (Table 3) , and cathepsin B and L are known to have optimum activity at pH 5.5. Therefore, the cathepsins could have contributed to the overall net myofibrillar proteolysis in porcine LM at the normal ultimate pH and, thus, resulted in differences in protein degradation between control and treated samples.
Electrophoresis and Western Blots
Implications
Epinephrine and exercise treatment caused a higher ultimate pH and an increase in meat tenderness. This treatment increased the proteolytic potential of m-calpain and decreased cathepsin B + L activity in a myofibrillar and a soluble fraction. The increase in calpain activity may have been due to an effect of epinephrine resulting in an increased level of m-calpain in the living animal. Epinephrine and exercise treatment also increased degradation of a 39-kDa band and reduced appearance of bands at 31 and 24 kDa in postmortem muscle. Degradation products at 30, 31, and 32 kDa were labeled by troponin-T antibody. The 24-kDa band was identified as a troponin-I degradation product. The tenderization mechanism of the epinephrine and exercise treatment is likely to involve pH-induced swelling due to increased water-holding capacity and m-calpain-induced degradation of myofibrillar proteins.
